An aromatase encoded by the CYP19 gene catalyzes the final step in the biosynthesis of estrogens, which is related to endometriosis development. To assess the association of CYP19 gene polymorphisms with the risks of endometriosis, chocolate cysts and endometriosis-related infertility, a case-control study was conducted in Chinese Han women by recruiting 225 healthy control females, 146 patients with endometriosis, 94 endometriosis women with chocolate cyst and 65 women with infertility resulting from endometriosis, as diagnosed by both pathological and laparoscopic findings. Individual genotypes at rs2236722:T4C, rs700518:A4G, rs10046:T4C and [TTTA]n polymorphisms were identified. Allelic and genotypic frequencies were compared between the control group and case groups by chi-square analysis. Odds ratios (ORs) and 95% confidence intervals (95% CIs) were determined by logistic regression analysis to predict the association of CYP19 gene polymorphisms with the risk of endometriosis, the related chocolate cysts and infertility. The genotype distributions of the tested CYP19 gene polymorphisms were not significantly different between the healthy control group and the endometriosis/ endometriosis with the chocolate cyst group. However, the CYP19 rs700518AA genotype was significantly associated with an increased risk of endometriosis-related infertility (55.4% in the infertility group vs 25.3% in the control group, Po0.001; OR (95% CI): 3.66 (2.06-6.50)) under the recessive form of the A allele. Therefore, we concluded that in Chinese Han females CYP19 gene polymorphisms are not associated with susceptibility to endometriosis or chocolate cysts, whereas CYP19 rs700518AA genotype confers genetic susceptibility to endometriosis-related infertility.
INTRODUCTION
Endometriosis is a chronic gynecological disorder defined as the presence and growth of endometrial cells outside of the uterus, and it affects approximately 10% of women of reproductive age. 1 Endometriosis manifests as severe pelvic pain, dysmenorrhea and bladder/bowel discomfort and accounts for 30-50% of infertility cases. Ovarian chocolate cysts and adenomyosis also frequently accompany endometriosis. 2, 3 Historically, the well-known mechanism of endometriosis can be tracked to Sampson's Theory of the Etiology of Endometriosis in 1927, which proposed that the development of endometriosis is characterized by the implantation of endometrial tissue on the peritoneum through retrograde menstruation. 4 However, because 490% of women experience retrograde menstruation, other molecular factors must have a role to allow the survival and growth of endometrial tissue in menstrual debris outside of the uterus. [5] [6] [7] [8] High estrogen production is a consistently observed endocrine feature of endometriosis. The disease entities develop in women of reproductive age and regress after menopause, therefore suggesting its estrogen-dependent nature. The hormone-dependent nature of the disease led to research on local estrogen production, with a major focus on the expression of cytochrome P450 aromatase. 9 Reports indicate that increased expression of CYP19 aromatase occurs in ectopically located endometriotic lesions, especially ovarian endometriomas. 10 CYP19 aromatase expression has also been detected in the eutopic endometrium of women with other uterine diseases, such as leiomyoma and adenomyosis. 11 As one severe complication of endometriosis, infertility is thought to occur because tubal anatomy or function is impaired, egg and embryo quality suffer and rates of implantation decrease. 6 It has been proposed that the expression of aromatase has a key role in the development of endometriosis and endometriosis-related infertility. 12 A gene expression profiling study conducted in 2003 reported that the aromatase gene is associated with endometriosis-induced implantation failure and infertility. 13 In addition to aberrations in estrogen production and metabolism, genetic background has also been linked to the risk of endometriosis. Relatives of women with the disease are seven times more likely to also be afflicted than are the relatives of disease-free women. 14 Evidence from studies shows that endometriosis may be inherited in a polygenic manner. [15] [16] [17] Because genetic factors have important roles in the pathogenesis of infertility, identifying the genetic factors involved in the development of infertility is essential for the early prediction and prevention of infertility.
In 2010, a genome-wide association study located an endometriosis-associated locus on 9p21 in the Japanese population; later, another genome-wide association study reported a locus at 7p15.2 associated with endometriosis in Australian and UK populations. 18, 19 Studies during the latest decade have focused on the genes encoding enzymes involved in the estrogen biosynthesis process. 20, 21 In the studies mentioned above, distinct gene loci and genes were reported to be associated with susceptibility to endometriosis in different populations. This difference may be caused by racial heterogeneity; however, it also indicates that genetic susceptibility to endometriosis is controlled by multiple loci and gene polymorphisms.
Aromatase cytochrome P450 (encoded by the CYP19 gene) is the key enzyme in humans that synthesizes the conversion of androstenedione and testosterone to estrone and E2, respectively. Furthermore, the aromatase cytochrome P450 is involved in the final and rate-limiting step of estrogen synthesis and has been associated with circulating estrogen levels. 22 Although endometriotic implants express aromatase, endometrial tissue from uterine-disease-free women does not exhibit aromatase activity. In contrast, aromatase enzyme activity and increased mRNA levels are readily detectable in endometriosis. [23] [24] [25] The CYP19 gene is located on chromosome 15q21.2. Several single-nucleotide polymorphisms have been linked to other estrogen-dependent diseases, such as uterine myoma, endometriosis, breast cancer and endometrial cancer. [26] [27] [28] [29] Thus far, however, the results from studies on the association between CYP19 gene polymorphisms and endometriosis are inconsistent as a result of the sample sizes of the investigated populations of the different studies. To our knowledge, reports of this nature have yet to focus on the Chinese population.
We hypothesized that polymorphisms of the CYP19 gene are associated with endometriosis, endometriosis with ovarian chocolate cysts and endometriosis-related infertility. To demonstrate this hypothesis, we conducted a case-control study in the Chinese Han population to evaluate the association of polymorphisms in rs2236722:T4C (115T4C), rs700518:A4G (240A4G) and rs10046:T4C (1531T4C) and [TTTA]n tetranucleotide repeat polymorphisms with endometriosis, chocolate cysts and infertility.
MATERIALS AND METHODS Subjects
This study was approved by the institutional review board of Wenzhou Medical University and performed in accordance with the World Medical Association Helsinki Declaration. Informed consent was obtained from all participants.
A total of 146 female patients diagnosed with endometriosis and 225 healthy control subjects were recruited into this case-control study. The endometriosis patients were recruited at the Department of Obstetrics and Gynecology, the 2nd Affiliated Hospital of the Wenzhou Medical University, Wenzhou, China from 2009 July to May 2011. The patients had been laparoscopically and histologically diagnosed with endometriosis and confirmed as with/without chocolate cysts or adenomyosis. Subjects with osteoporosis, pregnancy, breast cancer, myoma, endometrial cancer or other gynecological tumors were excluded. Women with endometriosis who did not achieve pregnancy after at least six natural or induced cycles following laparoscopy were considered infertile. All women whose partners had any male factors associated with infertility were excluded from the study. Among the 146 endometriosis patients, 94 were laparoscopically and histologically diagnosed with chocolate cysts, and 65 were confirmed to be infertile. The healthy fertile control group was selected from individuals receiving regular checkups in the outpatient clinic. All of the subjects were from the Chinese Han population.
Genotyping
Genomic DNA was extracted from peripheral blood using the GFXTM kit (Amersham Pharmacia Biotech, Piscataway, NJ, USA) in accordance with the manufacturer's instructions.
Four CYP19 polymorphisms sites were selected in public databases (http://www.ncbi.nlm.nih.gov/snp/), including rs2236722:T4C, rs700518:A4G, rs10046:T4C and [TTTA]n tetranucleotide repeat polymorphisms. CYP19 rs2236722 polymorphisms were genotyped with a PCR method by confronting two-pair primers, as reported by Hirose et al. 26 in 2004. Briefly, genomic DNA was amplified by two pairs of primers, forward 1: 5 0 -ATCTGTACTGTACAGCACC-3 0 and reverse 1: 5 0 -ATGTGCCCTCATAATTCCG-3 0 for the C (Arg) allele and forward 2: 5 0 -GGCCTTTTTCTCTTGGTGT-3 0 and reverse 2: 5 0 -CTCCAAGTCCTCATTTGCT-3 0 (Bioneer, Seoul, Korea), for the T (Trp) allele. The PCR products were further subjected to 2% agarose gel electrophoresis, and the alleles were identified as follows: the T allele was represented by DNA bands with sizes of 200 and 427 bp; the C allele was represented by DNA bands with sizes of 264 and 427 bp; and the heterozygote displayed a combination of bands (427, 264 and 200 bp, shown in Figure 1a ).
CYP19 rs700518 genotyping was performed by PCR-restriction fragment length polymorphism. Genomic DNA was amplified using the following primers: forward, 5 0 -AGTAACACAGAACAGTTGCA-3 0 ; and reverse, 5 0 -TCCAGACTCGCATGAATTCTCCGTA-3 0 and subjected to digestion with the restriction enzyme RsaI. Genotypes were identified by a single band of 188 bp for AA, a band of 164 bp for GG and double bands of 164 and 188 bp for AG (shown in Figure 1b ).
CYP19 rs10046 genotyping was also performed by PCR-restriction fragment length polymorphism. Genomic DNA was amplified by and reverse 5 0 -TTACAGTGAGCCAAGGTCGT-3 0 ) and then subjected to 8 and 10% polyacrylamide gels, respectively, followed by silver staining. The genotypes were identified by ultraviolet densitometry.
All genotyping was performed in duplicate, and 100 samples were randomly selected for sequencing to further confirm the genotypes.
Statistical analysis
Statistical power and sample size were determined by the Epi Info 7 program (CDC, Atlanta, GA, USA). For differences between the patients with endometriosis/with ovarian chocolate cysts/with infertility and controls, two models were tested to compare either allelic frequencies in 2 Â 2 contingency tables or genotypes in 2 Â 3 contingency tables. For association estimation, odds ratios (OR) and 95% confidence intervals (CIs) were estimated from the unconditional logistic regression model. All of the analyses were performed by chi-squared analysis using the Statistical Package for the Social Sciences software (SPSS 10.0, Chicago, IL, USA). A two-tailed P-value of p0.05 was considered statistically significant. HardyWeinberg equilibrium analysis, linkage disequilibrium (LD) and haplotype construction and analysis were performed using the SHEsis online software (Bio-X Institutes of Shanghai Jiao Tong University, Shanghai, China). 30 
RESULTS

Demographic data of subjects
The age of the control group (37.4±10.3 years) was higher than that of the endometriosis, chocolate cyst and infertility groups (32.5 ± 7.4, 33.7 ± 5.5 and 31.0 ± 6.2 years, respectively). The advantage of this difference was to avoid the possibility that some of the healthy controls would develop endometriosis in later years.
Distributions of CYP19 polymorphisms in the control, endometriosis, endometriosis with chocolate cyst and endometriosis-related infertility groups In this case-control study, we recruited 225 healthy control women and 146 cases diagnosed as endometriosis; among them, there were 94 cases concurrent with chocolate cysts, 65 cases diagnosed as infertile and 34 cases with adenomyosis. Because of the extreme small sample size in the adenomyosis group, we do not report here associations of CYP19 polymorphisms with adenomyosis. Briefly, when we set the percentage of the control exposed to susceptible genotype as 70%, with an OR of 2, the sample size of 225 control subjects and 146 cases can reach 78% statistical power (Table 1) .
Four CYP19 gene single-nucleotide polymorphisms, rs2236722:T4C, rs700518:A4G, rs10046:T4C and [TTTA]n tetranucleotide repeat polymorphisms, were selected for genotyping. To simplify the further analysis, we classified the [TTTA]n alleles into Short type and Long type according to the number of repeats: S (Short), up to 7 repeats; and L (Long), 8-11 repeats. The distributions of rs2236722, rs700518, rs10046 and [TTTA]n did not deviate from Hardy-Weinberg equilibrium, with the P-values shown in Table 1 .
The frequency distributions of genotypes in rs2236722, rs700518, rs10046 and [TTTA]n were not significantly different between the control group and endometriosis group or endometriosis with chocolate cysts group (Table 1) . A comparison of the control group and endometriosis with infertility group showed that polymorphisms in the rs2236722, rs10046 and [TTTA]n sites were not related to the risk of endometriosis-related infertility.
Interestingly, however, we observed that the frequency of the rs700518 AA genotype in the endometriosis-related infertility group was significantly higher than that in the control group (55.4 vs 25.3%), whereas the frequency of the AG genotype in the infertility group was much lower than in the control group (21.5 vs 55.6%) (Po0.001). We analyzed the frequency distributions by two different genetic models, A allele recessive and A allele dominant models, as shown in Table 2 . The most frequent genotype in the control group was the AG genotype; in the infertility group, the AG genotype frequency was significantly decreased, and, instead, AA was apparently increased, indicating the effect of the A allele in the recessive form. Under the recessive model of the A allele, the rs700518 AA genotype was found to be significantly associated with an increased risk of endometriosis-related infertility 
01).
According to the exposure frequency of the AA genotype in the infertility group and the OR, a sample size of 65 infertility cases and 225 control subjects reaches approximately 96% statistical power.
LD and haplotype distribution analysis
The combination of D' and R 2 values showed that there was no LD in the control group (D' , 0.4; R 2 , 0.01), whereas LD between rs700518:A4G and rs10046:T4C was evident although not significantly significant (D' , 1.0; R 2 , 0.56) in the endometriosis group, as shown in Table 3 . No significant LD was found between the other tested sites.
We further analyzed the distribution of haplotypes constituting rs700518:A4G and rs10046:T4C, as shown in Table 4 . Accordingly, we observed that the rs700518-rs10046 haplotypes AC and GT existed with increased frequency in the endometriosis case group than in the normal control group (42.5 and 43.2% vs 30.5 and 33.9%).
DISCUSSION
Through this case-control study, we observed that the tested CYP19 polymorphisms (rs2236722: T4C, rs700518:A4G, rs10046:T4C and [TTTA]n tetranucleotide repeat) were not significantly associated with the risk of endometriosis or endometriosis with ovarian chocolate cysts. However, the CYP19 rs700518 AA genotype was significantly associated with the increased risk of endometriosis-related infertility in a recessive form of the A allele. This is the first report in the Chinese Han population investigating the association of CYP19 gene polymorphisms with the susceptibility to endometriosis and related complications, such as chocolate cysts and infertility. We strictly limited the study population to the Chinese Han population in the southern region to maintain genetic homogeneity among the subjects and also to avoid the confounding effects from interracial differences of genetic backgrounds and environmental factors, such as living behaviors. Although only 65 infertile subjects were recruited in this present study, the number still reaches 490% statistical power under this current circumstance.
Our study shows that CYP19 gene polymorphisms are not associated with endometriosis or endometriosis-related chocolate cysts in Chinese women. These results are consistent with several previous studies from Korean, 31 Japanese 32 and Caucasian populations, 20 all of which reported no significant Interestingly, in this current study, we found that CYP19 rs700518 AA was associated with the risk of endometriosisrelated infertility in the Chinese population. It was previously reported in the Brazilian population that polymorphisms in the nuclear factor-kB gene promoter, B lymphocyte stimulator gene promoter and TYK2 were associated with endometriosisrelated infertility. [33] [34] [35] Nevertheless, we report here for the first time that in the Chinese Han population the CYP19 rs700518 AA genotype is associated with endometriosis-related infertility. This result indicates clinical relevance with regard to two aspects.
First, CYP19 rs700518:A4G might be located in a haplotype block contributing to a genetic susceptibility of endometriosis-related infertility and is therefore a biomarker of early diagnosis and prevention of infertility caused by endometriosis. Moreover, we observed a higher degree of LD between rs700518 and rs10046 in the endometriosis case group than in the control group, suggesting that this region contains a susceptible gene for endometriosis.
However, the genotype associated with disease susceptibility may have biological significance in pathogenesis by affecting the gene expression level. There are a series of data available. The rs700518AA genotypes were reported to be associated with some other estrogen-related diseases, such as hypertension 36 and breast cancer. 37 Although CYP19 rs700518A4G is an anonymous variation in exon 3 (Val 80 Val), it may affect posttranscriptional modification, resulting in changes in gene expression and aromatase levels and further affecting estrogen production. Several studies demonstrate that serum estrogen levels affect female fertility or the outcome of in vitro fertilization. [38] [39] [40] Riancho et al. 41 reported evidence of differential allelic expression: in heterozygous individuals, transcripts bearing A alleles at rs700518:A4G singlenucleotide polymorphism were less abundant than those with the alternative G alleles, and total aromatase expression was four times lower in fat samples from individuals with the AA genotype than in those with the GG genotype. Another study has reported that the AA genotype was significantly associated with decreased 17-beta estradiol serum levels in male subjects. 42 Moreover, evidence from a study suggested that a lower estradiol level is associated with a low likelihood of successful clinical pregnancy after the use of assisted reproduction techniques. 38 These studies indicated that an association of the rs700518AA genotype with endometriosisrelated infertility is caused by an alteration in the CYP19 gene expression level and is therefore involved in the pathogenesis of endometriosis-related infertility.
Another interesting observation was that in the [TTTA]n tetranucleotide repeat polymorphism site, the 11/11 genotypic frequency in adenomyosis was significantly lower than that in the control group; accordingly, the 7/11 genotype was increased in the adenomyosis group compared with the control group (data not shown). However, this study recruited only 34 cases diagnosed as adenomyosis, which is too small to represent a sample size, and thus it is not possible to draw any conclusion from these data. Although adenomyosis and leiomyomas are separate entities from endometriosis, they share a common pathophysiology in that their growth is estrogen dependent, with the expression of both estrogen receptors and aromatase, and they have a complicated pattern of occurrence. 43 At this point, it is worthy to pursue the association of [TTTA]n polymorphisms with adenomyosis in the future.
Our future work will focus on two series of studies. First, we will initiate a multi-center investigation to recruit more cases, including endometriosis with chocolate cysts, infertility, and adenomyosis, as well as further strengthening the evidence of genetic involvement in the pathogenesis of endometriosis-related chocolate cysts, infertility and adenomyosis. In addition, it is necessary to investigate the biological function of rs700518AA. We plan to measure the individual serum estradiol level and analyze whether the rs700518:A4G polymorphism affects the serum estradiol level in patients. Once this association is confirmed by biological significance and explained through functional studies, this polymorphism could become a potential target for the early prevention and treatment of endometriosisrelated infertility.
